Abstract. The cell nucleus is a highly structured compartment where nuclear components are thought to localize in non-random positions. Correct positioning of large chromatin domains may have a direct impact on the localization of other nuclear components, and can therefore influence the global functionality of the nuclear compartment. DNA methylation of cytosine residues in CpG dinucleotides is a prominent epigenetic modification of the chromatin fiber. DNA methylation, in conjunction with the biochemical modification pattern of histone tails, is known to lock chromatin in a close and transcriptionally inactive conformation. The relationship between DNA methylation and large-scale organization of nuclear architecture, however, is poorly understood. Here we briefly summarize present concepts of nuclear architecture and current data supporting a link between DNA methylation and the maintenance of large-scale nuclear organization.
Introduction
The cell nucleus is the most prominent compartment in the eukaryotic cell. In this compartment many essential cellular activities take place, such as genome replication, control of gene expression and transcription, processing of transcripts and DNA repair. For a long time, however, the cell nucleus has been considered as a static and scarcely structured compartment. The nucleus was thought to be substantially altered only during cell division, following formation of metaphase chromosomes and partitioning of the chromosome complement into daughter cells. Another common image of the nuclear compartment has been that of a contingent cellular region where nuclear components are randomly located. This static view of the cell nucleus has drastically changed in recent years mainly due to technical advances in the field of microscopy. The cell nucleus is presently considered as a highly complex and organized compartment where nuclear components tend to occupy non-random positions, leading to a precise definition of the nuclear architecture concept (see [1 -3] for recent reviews). The cell nucleus is an extremely dynamic structure where many components tend to rapidly and transiently interact with each other, giving rise to a highly ordered compartment. As these properties characterize open and self-replicating chemical systems, the idea of the cell nucleus as a self-organizing entity has been proposed [2] . The double strand of DNA, a major component of chromatin, and therefore of the nuclear compartment, can udergo chemical modification in the form of cytosine methylation of CpG dinucleotides. This biochemical modification does not alter the subjacent genetic information of the DNA molecule, and is considered to be an epigenetic mark in the genome. The impact of such DNA epigenetic modification within the scope of nuclear function and disease has been the subject of intense investigation (see [4 -6] for recent reviews). Such work has clearly established that proper DNA methylation in definite regions of the genome, such as gene promoters and large repetitive sequences, is essential for the precise and orchestrated regulation of gene expression. However, the role of DNA methylation in maintenance of large-scale nuclear organization remains poorly understood. The aim of this review is to briefly summarize current knowledge about nuclear architecture and to discuss the potential role of epigenetic modification of DNA in the morphological and functional maintenance of global organization of the nuclear compartment.
The concept of nuclear architecture
Nuclear architecture is the result of the morphological and functional heterogeneity generated by the positioning of different subnuclear compartments inside the nucleus. A subnuclear compartment has been defined as a macroscopic region within the nucleus that is morphologically and/or functionally distinct from its surrounding [2] . Two types of subnuclear compartments are usually considered, nuclear bodies and chromosome territories, including associated chromatin domains. Nuclear bodies are distinct subnuclear regions of different sizes lacking a lipidic membrane and usually characterized by a definite protein composition. The most prominent nuclear body is the nucleolus, factory for ribosome biogenesis and site of RNA Pol Idependent rDNA gene transcription. There are many other nuclear bodies exclusively characterized by the presence of one or more specific proteins [7] . Of special relevance are the Cajal bodies, proposed site of snRNP assembly [8] , and PML bodies, of unknown function and the main containers of the promyelocytic protein [9] . The existence of thousands of RNA Pol II transcription factories dispersed in the nucleoplasm of mammalian cells has been also well documented [10, 11] . The chromatin bulk corresponding to each particular chromosome is not randomly distributed in the nuclear compartment but occupies a specific location known as chromosome territory or domain (Fig. 1) , a feature which constrains the whole spatial organization inside the nuclear compartment. It has been proposed that chromosome territories are not compact structures. They are thought to be permeated by nucleoplasmic channels, creating a porous entity of enlarged surface area which is accessible to different nuclear factors [12] . Large-scale chromatin domains, belonging to one or more chromosome territories, are also morphologically defined as heterochromatic, highly condensed, genomic regions or as euchromatic, less-condensed regions. There are numerous examples showing that the nuclear compartment is non-randomly arranged in three-dimensional spaces. Polarization of chromosomes, where centromeres and telomeres occupy opposite locations in the nucleus (Rabl orientation), commonly takes place in Drosophila cells [13, 14] . Several reports also indicate a precise positioning of chromosome territories and chromatin domains relative to a radial orientation in mammalian cells [15 -22] . In some cases the radial position has been correlated to the chromosome's gene density [15 -20] , and in other cases to chromosome size [21, 22] . Positioning of chromosome territories relative to other chromosome territories has been also reported [23] , and certain chromatin domains, such as heterochromatic regions, tend to associate to the nuclear membrane and to the nucleolus. Evidence also exists for a non-random positioning of some nuclear bodies. Formation of the nucleolar compartment is the result of a non-random association driven by RNA Pol I activity of several copies of tandemly repeated rDNA genes arising from different chromosomes. In the same way, Cajal bodies tend to associate to U2 snRNA (small nucleolar RNA)gene clusters [24 -26] , while PML bodies are preferentially found near active genes [27, 28] . In addition, PML and Cajal bodies are preferentially located outside chromosome territories [17] . Positioning of nuclear compartments is not exactly the same for all the cells in any particular model. In this sense, it is thought that chromosome positioning is not heritable, but rather established de novo at early G1 in human cells [29, 30] , although global transmission of chromosome positions through mitosis has been reported in rat cells [31] . Positioning acquired in G1 is further maintained in subsequent interphase stages. In addition, chromosome positioning has been shown to be tissue and cell type specific [17, 19, 32] . Thus, non-random post-cell division positioning of nuclear compartments is viewed as a consequence of a stochastic and probabilistic process which results in fully functional organization of the nuclear compartment. It is assumed that this spatial organization should be broadly similar and equivalent for all growing cells in a cell or tissue type in order to maintain functional organization of the cell nucleus, which is the basis for a functional definition of nuclear architecture.
Nuclear architecture, gene positioning and gene function
The above observations question the importance of the nuclear architectures role in gene positioning and function. Many gene loci tend to localize inside their corresponding chromosome territories and have strong preferential positioning with respect to the nuclear centre [33] . This positioning is not directly related to gene activity, and probably reflects the nonrandom location of the corresponding chromosome territory. In some cases, such as CD4 locus activation during T-cell differentiation, gene activation implicates gene repositioning to the periphery of the correspondent chromosome domain [34] . Interestingly, large loops of chromatin protruding several microns from the resident chromosome territory have been described in mammalian cells (reviewed in [35] ). These loop domains contain clusters of actively transcribed genes. For example, in differentiating ES cells, Hox1 and Hox9 genes loop from their chromosome territories upon activation [36] , and two genes located 25 Mb away on chromosome 7 closely localize to pair and share a common transcrip- tional site [37] . These observations suggest that loops containing activated or transcriptionally competent genes are expelled from or moved to the external surface of chromosome territories to be near transcription factories. Assuming that chromosome territories are porous entities, acquisition of a transcriptionally competent state could be achieved by free diffusion of nuclear factors [12] . On the other hand, there are well-known examples of gene silencing after repositioning near or inside transcriptionally repressed heterochromatin domains. In the classical position effect variegation phenomenon (PEV), a gene locus becomes permanently silenced after placement near a heterochromatic domain [38] . A similar effect of transcriptional repression associated with gene repositioning close to heterochromatin blocks has been reported in many naturally occurring differentiation systems [39] , although association with heterochromatin does not always result in gene inactivation [40] . It is clear that heterochromatin is characterized by a compacted chromatin structure in which transcription is inhibited and that loss of heterochromatinization may result in gene activation. However, repositioning of inactivated genes into heterochromatin domains might be a consequence rather than a cause of gene inactivation, and heterochromatin might be a sink for transcription factors rather than a repository of inactivated genes. In this sense, it has been recently shown that the correlation between chromatin structure and gene activity is not as strong as previously perceived [20] . In fact, a strong relationship was found between chromatin structure and gene density, whereas open chromatin regions were found to be enriched in gene loci, active or not, while condensed chromatin domains were associated with poor gene content [20] . Perhaps the most direct indication of the role of nuclear architecture in gene function is in disease states, which are very often characterized by altered gene expression patterns associated with aberrant nuclear morphologies, or vice versa. An immediate example is cancer. Many cancer cell types exhibit gross alterations of the nuclear architecture in the form of spatial organization changes, chromatin and chromosome domain textures, nuclear size and shape alterations, and changes in the number and size of nucleoli (summarized in [42] ). In fact, morphological abnormalities of the nuclear compartment are used as key diagnostic features for many cancer types [42] . Other well-known examples of changes in gene expression associated with alterations in nuclear architecture are laminopathies [43] . These severe diseases are characterized by the loss of A-type lamin function, a major structural component of the nuclear envelope. As a consequence, the nuclear envelope is distorted and the whole nuclear organization is compromised. At the level of the organism level, patients suffering from laminopatic syndromes manifest muscular dystrophy, lipodystrophy, neurodystrophy and progeroid disorders.
DNA methylation machinery
Methylation of CpG dinucleotides is characterized by the transfer of methyl groups to the C-5 position of cytosine (5mC), and is catalyzed by members of the DNA methyltransferase (DNMT) protein family. To date, three families of DNMTs have been identified, DNMT1, DNMT2 and DNMT3 (DNMT3a DNMT3b and DNMT3L) [44] . DNMT1, DNMT3a, and DNMT3b are essential during the development of murine knockout models [44 -46] . DNMT1, the most abundant DNA methyltransferase in somatic cells, has a strong preference for hemimethylated DNA, and is therefore believed to be the enzyme primarily responsible for copying and maintaining methylation patterns from the parental to the daughter strand following DNA replication [45] . DNMT3a and DNMT3b are highly expressed in embryonic and non-differentiated cells and have been proposed to be the enzymes responsible for de novo methylation [46] . Several lines of evidence, however, indicate that in addition to the cooperation between all three DNMTs, they may also possess both de novo and maintenance functions in vivo [47 -49] . DNMT2 lacks the large N-terminal regulatory domain common to other eukaryotic methyltransferases and does not exhibit comparable DNA methyltransferase activity [50] , although it does seem to have some residual activity in vitro [51] . DNMT3L lacks canonical DNA cytosine-methyltransferase motifs [44] . 5mC in normal DNA constitutes 0.75 -1% of all nucleotides, where 4 -6% of all cytosines are methylated [52] . CpG dinucleotides are not randomly distributed throughout the genome but are enriched in regions known as CpG islands. CpG islands are usually hypomethylated and tend to embrace the 5'-end region (promoter, untranslated region and exon 1) of a wide number of genes [53] . In mammals, two waves of active demethylation of 5mC take place in early steps of embryo development, prior to the formation of a zygotic nucleus in germ cells and in preimplantation embryos [54] . Developmentally regulated re-methylation of specific CpG islands occurs at least in imprinted genes, X-chromosome-linked silenced genes in females, and in germline and tissuespecific genes [55] . Aberrant methylation of CpG islands leading to gene silencing is a common phenomenon during carcinogenesis [4] . Cytosine meth-ylation is also observed outside CpG islands, where it is thought to play a key role in silencing parasitic DNA sequences, such as transposons and retroviruses [56] . It is well established that DNA methylation is associated with transcriptionally inactive states of chromatin, but the exact mechanism by which CpG methylation is translated into transcriptionally silent chromatin is still unclear. Three different hypotheses have been proposed to explain the way by which DNA methylation is interpreted by nuclear factors. The first possibility is that DNA methylation inhibits the binding of sequence-specific transcription factors to their binding sites [57] . CpG methylation would result in transcription factor release from the chromatin fibre. In this context, a protein with an affinity for unmethylated CpGs has been identified that is associated with actively transcribed regions of the genome [58] . In a second model, it is proposed that methylation may have direct consequences for nucleosome positioning, leading to the assembly of specialized nucleosomal structures on methylated DNA able to repress transcription [59] . The third possibility is that methylation results in the recruitment of nuclear factors that selectively recognize methylated DNA and either impede binding of other nuclear factors or have a direct effect on repressing transcription [60] . Although there are examples that support all three possibilities, the active recruitment of methyl-CpG binding activities appears to be the most widespread mechanism of methylation-dependent repression. MeCP1 and MeCP2 were the first two methyl-CpG binding proteins described [60] . It was shown years ago that MeCP2 represses the transcription of methylated DNA through the recruitment of a histone deacetylase-containing complex [61, 62] , establishing for the first time a connection between DNA methylation and transcriptional repression. Characterization of MeCP2 led to the identification of a methylCpG binding domain (MBD) [63] , resulting in the further characterization of additional methyl-CpGbinding proteins containing this motif, namely MBD1, MBD2, MBD3 and MBD4 [64] . Moreover, it has been demonstrated that DNMTs and MBDs can also recruit histone deacetylases [65, 66] and histone methyltransferases that modify lysine 9 of histone H3 [67 -69] , a hallmark of heterochromatin. These observations have established a mechanistic link between DNA methylation and changes in the structural conformation of the chromatin fibre.
Epigenetic control of nuclear architecture
There is an emerging view of the eukaryotic nucleus as a three-dimensional region functionally divided into large heterochromatin compartments that repress transcription, and compartments in which transcription is permitted [70] . Accumulated evidence also suggests that a large-scale three-dimensional landscape is maintained in the nucleus by large genomic repeats, such as centromeres or telomeres, and heterochromatin blocks. In a nuclear volume in which small structures and particles move and diffuse following a random pattern [1, 71] , large-scale structures should act as reference hallmarks for nuclear activity. In fact, heterochromatic compartments are presently considered as large repositories of repressor factors [1] . Positional or structural modifications of these large-scale hallmarks have key roles in cellular differentiation and transformation [39, 40, 42, 43, 70, 72] . The close relationship between DNA methylation and local chromatin structure is well known. Methylation of CpG nucleotides is associated with closed or compacted chromatin conformations and the formation of heterochromatin. DNA methylation of CpG islands contained in gene promoters results in chromatin compaction and transcriptional inactivation. Compacted chromatin states are also characterized by a well-defined pattern of biochemical modification of histone H3 and H4 tails [5] . Cross-talk between DNA methylation and modification of histone tails has been established in plants and animals [73 -75] , indicating that transition to the closed chromatin conformation is a coordinated phenomenon involving both DNA and histones. However, the precise role of DNA methylation in the maintenance of chromosome positioning and large-scale nuclear architecture is poorly understood. In any case, a few indicative examples are found in the literature. For example, in germinating wheat seeds, treatment with 5-azacytidine, which results in DNA hypomethylation, induces strong changes in the architecture of interphase chromosome arms [76] . In human chromosomes, 5-azacytidine treatment results in demethylation of heterochromatic regions [77] . It is also known that changes in nuclear architecture are closely associated with large-scale modification of the DNA methylation pattern during mammalian preimplantation development [78] and in germ and Sertoli cells from developing mouse testis [79] . Similar changes in nuclear organization associated with changes in the DNA methylation pattern are found during normal development of the peach apical meristem [80] . Finally, chromosome instability and aberrant nuclear morphologies are tightly associated with DNA hypomethylation of discrete nuclear reCell. Mol. Life Sci.
Vol. 64, 2007 Review Article gions in cancer cells [81 -83] . All these observations point out a causal relationship between DNA methylation, DNA methylation machinery and large-scale nuclear organization. For the most part, dense DNA methylation regions in mammalian cultured cells can be spotted on discrete locations on metaphase chromosomes, such as secondary constrictions, juxtacentromeric regions and Tbands [84] . In the interphase nuclei, densely methylated DNA regions are found in discrete foci, frequently associated with the nuclear envelope and with heterochromatic regions (Fig. 2a and [75] ). The distribution of 5mC in discrete heterochromatic foci associated with the nuclear envelope is best observed in tissues, where the spatial and functional organization of the nuclear architecture is constrained by the three-dimensional network of cell-cell and cell-substrate interactions that are required to maintain the homeostasis of the tissue (Fig. 2b) . Many of these densely methylated regions correspond to large repetitive regions in the genome. In humans, such repetitive regions are typically found in classical satellites 2 and 3 at juxtacentromeric regions of chromosomes 1, 9 and 16. The ICF syndrome (for immunodeficiency, centromere instability and facial anomalies) is a recessive autosomal disorder involving abnormalities of genomic methylation patterns and mutations in both alleles of the DNMT3B gene [85] . ICF patients shown complete demethylation of specific repetitive sequences contained in satellites 2 and 3. This demethylation pattern is associated with decondensation of large blocks of juxtacentromeric heterochromatin, formation of multiradiate chromosome and gross alteration on the nuclear architecture in interphase nuclei [85] . Human cancer cells lacking both copies of the DNMT1 gene also show extensive and specific demethylation of satellite 2 repeats at chromosomes 1, 9 and 16 [75] . Concomitantly, these cells present distorted nuclear architecture and loss of heterochromatic organization [75] . Human cells lacking DNMT1 also show a specific demethylation pattern in a second type of genomic repeat, the rDNA genes [75] . Interestingly, these cells present profound disorganization of the nucleolar compartment [75] . These observations indicate that the DNA methylation machinery, which is required to maintain a specific pattern of methylation in large regions of the genome, is also required to maintain a particular organization of the nuclear architecture. Interestingly, neither human cells lacking DNMT1 nor cells lacking DNMT3B show significant alterations in the DNA methylation pattern of promoter-contained CpG islands [47, 48] . In this scenario, an epigenetic modification of the chromatin fibre, specifically affecting large blocks of genomic repeats contained in heterochromatic regions, results in gross alterations of nuclear architecture. However, no significant changes are observed at the promoter level of regulation of gene expression. Since the output of these cells is a functionally altered state, it is tempting to speculate that large alterations of nuclear architecture have a direct effect on cell function. This observation constitutes, in turn, a change in common concepts of nuclear function, in which alterations of nuclear architecture are the result, rather than the cause, of dysfunction in local gene activities. Albert Einstein famously said, God does not play dice. What Einstein was referring to was his own rejection of a chaotic universe. The increasing scientific amount of data obtained in recent years also shows that our DNA, chromosome and nuclear structure is not a random event occurring in the cell. There is a delicate superstructure of large chromatin domains, chromosomal territories and subnuclear compartments that require reliable, but, at the same time, dynamic caretakers. Epigenetic marks, such as DNA methylation and histone modification, are excellent candidates to assume this critical role.
